The economic viability of employing dark fermentative hydrogen from whole fruit wastes as a green alternative to fossil fuels is limited by low hydrogen yield due to the inhibitory effect of some metabolites in the fermentation medium. In exploring means of increasing hydrogen production from fruit wastes, including orange, apple, banana, grape and melon, the present study assessed the hydrogen production potential of singly-fermented fruits as compared to the fermentation of mixed fruits. The fruit feedstock was subjected to varying hydraulic retention times (HRTs) in a continuous fermentation process at 55 °C for 47 days. The weight distributions of the first, second and third fruit mixtures were 70%, 50% and 20% orange share, respectively, while the residual weight was shared equally by the other fruits. The results indicated that there was an improvement in cumulative hydrogen yield from all of the feedstock when the HRT was five days. Based on the results obtained, apple as a single fruit and a fruit mixture with 20% orange share have the most improved cumulative hydrogen yields of 504 (29.5% of theoretical yield) and 513 mL/g volatile solid (VS) (30% of theoretical yield ), respectively, when compared to other fruits.
Introduction
The quest for renewable, efficient and environmentally-friendly alternative energy sources to fossil fuels has stimulated intense research studies on fermentative hydrogen (H2) production from biomass. Among other renewable energy sources (solar, hydro-power, wind and geothermal), fermentative H2 production has received remarkable interest due to its striking properties, including having very high energy content per unit mass and being a clean energy carrier, as it forms only water vapor during combustion [1] [2] [3] . Fermentative H2 production can facilitate the quick transition of the hydrocarbon-based economy to a hydrogen-based economy, especially in the transport sector. Fuel cell electric vehicles powered by fermentative H2 are zero emission vehicles that could be used as green energy technology to tackle the challenge of depleted fossil fuel reserves and pollution associated with conventional transport fuels. Furthermore, the considerable attention on fermentative H2 is also due to the reliability of the continuous supply of feedstock, which is inevitably generated from daily human and animal activities. Among the feedstock available for H2 production, fruit wastes have relative great economic and environmental potential due to the large quantities of wastes generated from fruit consumption and industrial processing (10%-65% of raw fruit) [4] . The application of fruit wastes as feedstock for H2 production is an eco-friendly process, since littered fruit wastes could constitute a health nuisance to people and the environment. Meanwhile, due to low H2 yield from the fermentation process, most of the hydrogen currently used in various industrial applications is obtained from non-green sources, including steam reforming of natural gas, water electrolysis and coal gasification [5] [6] [7] . Low H2 yield during the fermentation process is attributed to, among other factors, the natural tendency of the fermentation process to be optimized to produce cell biomass instead of H2. In a dark fermentation process, 12 mol H2/mol glucose could be theoretically obtained from complete conversion of glucose to H2 and carbon dioxide (Equation (1)), but the reaction is thermodynamically impossible due to the production of a large quantity of by-products (volatile fatty acids (VFAs), alcohols and lactate) associated with H2 production. The thermodynamic constraints make the maximum attainable H2 yields to be 4 and 2 mol/mol glucose if the associated by-products are acetate and butyrate, respectively (Equations (2) and (3)) [8, 9] 
The low H2 from the fermentation process could also be attributed to feedstock inhibition including the antimicrobial inhibition of flavor compounds in fruit. During the ripening process, fruits usually produce flavor compounds (esters, alcohols, aldehydes, ketones, lactones and terpenoids), which are used as natural defense mechanisms in plants against microbial invasion (Table 1) [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Although the amount of fruit flavors in fruits is not high (usually 0.001%-0.01% of the fruit's fresh weight), the antimicrobial effect of the flavor compounds cannot be ignored. The positive effect of the flavor compounds in fruit is responsible for fruit freshness and the long shelf life of fruits, while a negative effect has been observed to be responsible for the inhibition of bacterial activities during the fermentation process. For instance, D-limonene, which is a citrus flavor belonging to a class of terpenoids, was found to have an antimicrobial effect at a very low concentration of 0.01% w/v [11, [25] [26] [27] and to cause the failure of the anaerobic digestion process, even at a very low concentration of 400 µL/L [26] . As a result, some strategic approaches have been developed to mitigate the antimicrobial effect of limonene and, consequently, to improve bioenergy production during anaerobic digestion. In a study by Youngsukkasem et al. [28] , an encapsulated membrane was effectively used to reduce the inhibitory effect of D-limonene on the fermentative bacteria. Membrane-encased bacteria were observed to tolerate up to 3% limonene in the synthetic medium with consequent higher methane production than free cells. Wikandiri et al. [29] also developed a membrane bioreactor that could tolerate between 5 and 10 g/L of limonene in the feedstock for biomethane generation. Similarly, various techniques, including feedstock and inoculum pretreatment, optimal inoculum-to-substrate ratio, gas sparging, bioreactor design and a two-stage fermentation system, among others, have been employed for improving the recovery efficiency of fermentative H2 from food wastes, especially fruit wastes [30] [31] [32] [33] . [20] [21] [22] Meanwhile, in most research work on fermentative H2 from fruit wastes, fruit peels are often used as feedstock, since they are discarded during consumption and industrial processing. However, research should also be focused on the application of whole fruit wastes as feedstock, since large quantities of whole fruit wastes are generated during harvest, transportation and storage, due to microbial or pest attack. The objective of this study was therefore to investigate the effect of combined varying hydraulic retention time (HRT) and fruit mixing ratio on fermentative H2 yield from whole fruit wastes in order to have an idea of how to manage whole fruit wastes feedstock for optimal fermentative hydrogen production. The potential of fruit biodegradability and fermentative hydrogen production could be enhanced or lessened by the characteristics of fruit mixtures (nutrient composition, carbon to nitrogen ratio, toxicity) obtained when two or more fruits were combined. Besides nutrient composition, the inherent antimicrobial flavor compounds in fruits could also be a decisive factor in the overall effect. Unlike single fruit waste, mixed fruit wastes have the advantage of mutual interaction between various fruits in the fruit mixture, which might result in varying degrees of inhibitory and enhanced effects due to factors, such as additive (a combined effect equal to the sum of the individual effects), synergistic (a combined effect greater than the sum of the individual effects) and antagonistic effects (a combined effect less than the individual effects).
Results and Discussion
The performance of the fermentative H2 production process from the whole fruit wastes of orange, banana, apple, grape and melon was evaluated by measuring the hydrogen yield and volatile fatty acid (VFA) productions. The hydraulic retention times (HRTs) were reduced as the organic loading rates (OLR) were subsequently increased in the experiments. Although the mass of the different fruit wastes fed to the reactors were equal, their OLRs were not the same, because of different percentages of volatile solids in each fruit waste. The fermentation process was in three phases, Phase 1, 2 and 3, which corresponded to HRT of 8.6, 5 and 3 days, respectively. The continuous stirred tank reactors (CSTRs) were started up with an initial HRT of 8.6 days, which was the first phase of the fermentation process spanning a period of 15 days. During the second phase, which covered the period between the 16th and 30th days, the HRT was decreased from 8.6 down to five days. The HRT was furthered reduced to three days during the third phase, which spanned the period between the 31st and 47th days.
Hydrogen Production Yields from Singly-Digested Fruits
The hydrogen production from the singly-digested fruits was monitored throughout the three phases of the 47-day period. During the first phase (HRT of 8.6 days), hydrogen yields from the fermentation of individual fruits increased, except the yield from grape, which decreased sharply (Figure 1 ) due to the decrease in pH values. The highest (493 mL/gVSadded; VS, volatile solid) and lowest (216 mL/gVSadded) average hydrogen yields during the first phase were obtained from apple and melon, respectively. The hydrogen yields of all of the fruits increased during the second phase (HRT of five days), with apple and melon still producing the highest and lowest average hydrogen yields of 635 and 352 mL/gVSadded, respectively. The average hydrogen yields during the third phase (HRT of three days), however, decreased with apple and grape, producing the highest and lowest yields of 440 and 182 mL/gVS, respectively. 
Hydrogen Production Yields from Mixed Fruits
Hydrogen yields from the fermentation of the three fruit mixtures, including 70% (Mix 1), 50% (Mix 2) and 20% (Mix 3) orange share, also followed a similar pattern, but with better performance than the fermentation of individual fruits, except apple ( Figure 2 ). During the first phase, hydrogen yields from Mix 1 and Mix 3 increased, but there was a slight decrease in hydrogen yield from Mix 2. The highest average hydrogen yield of 523 mL/gVS obtained during the first phase was from the fermentation of Mix 3. In the second phase, hydrogen yields from Mix 1 and Mix 2 increased, while there was a slight reduction in hydrogen yield from Mix 3. However, Mix 3 produced the highest average hydrogen yield of 553 mL/gVS at the end of the second phase. The hydrogen yields from the three fruit mixtures decreased during the last phase, with Mix 3 still producing the highest yield of 491 mL/gVS. Mix 3 seemed to perform averagely better than other mixed fruits in terms of hydrogen yield. This might be due to the ineffectiveness of the toxicity of the individual inhibitors as a consequent effect of the mutual interaction of the different flavor compounds in the fruit mixture. Besides, since limonene constitutes the major component of citrus essential oils, the reduction of orange percentage in Mix 3 could also impact the reduced antimicrobial effect of limonene in the mixture. Moreover, the use of an appropriate amount of nutrient combination in any mixture of fruit waste is necessary for optimal hydrogen yields from the fermentation process, as excess or insufficient nutrients may affect the stability and gas productivity of the process [34] . The macronutrients (Na, K, Ca and Mg), micronutrients (Fe, Co, Ni and Mo) and some vitamins are necessary for the cell growth and metabolic activities of fermentative microorganism [34] [35] [36] [37] . 
VFAs Production
The knowledge of the distribution of VFA compositions formed during the fermentation process is important, as it provides information about the metabolic pathways involved in the process. The distribution of VFA compositions produced during the fermentation of the fruit wastes showed that acetic and butyric acids were the dominant VFAs, while propionic, iso-butyric and iso-valeric were produced in very low amounts (Figure 3 ). At the end of the first phase of the initial OLR, the acetic acids produced from orange, banana, apple, grape, melon, Mix 1, Mix 2 and Mix 3 were 0.37, 0.62, 0.73, 0.75, 0.48, 0.56, 0.74 and 1.05 g/L, respectively. As the HRT decreased, the values of the acetic acid increased, except for grape and melon, which decreased during the second phase. At the end of the fermentation process, apple and Mix 3 produced significant amounts of acetic acids, which might be connected to their high cumulative hydrogen yields, as acetic acid production is often associated with hydrogen production [38, 39] . 
Comparison of Hydrogen Yields and Acetic Acid Productions with Theoretical Values
In a biological in vivo system, the theoretical maximum hydrogen yield that could be obtained from glucose at standard temperature and pressure is 4 mol H2/mol glucose when acetic acid is the only soluble metabolite [40, 41] . However, during dark fermentation, hydrogen production is often produced along with reduced metabolites, including alcohols, lactic, propionic and valeric acids, which are involved in the hydrogen consuming pathway, thereby leading to actual hydrogen yields being significantly lower than the theoretical values [42] [43] [44] [45] [46] . On the other hand, high hydrogen yields are usually linked with the moderate accumulation of a mixture of acetic and butyric acids though accumulation of butyric acids, and its branched isomer could be an indication of process instability [47] . In the present study, the hydrogen yields from the fermentation of all of the fruit substrates, except grape and melon, increased with the increase in acetic acid production as the HRT decreased from 8.6 down to five days (Table 2 ). This was expected as the concentration of volatile fatty acids usually increased with the increase in substrate loading, which correlated with the decrease in HRT from 8.6 down to five days [39] . Meanwhile, the hydrogen yields decreased with the increase in acetic acid production, as the HRT was further decreased from five down to three days. In the comparison of actual yields to theoretical yields, the relative yield was calculated as given in Equation (4).
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Relative Yield of Hydrogen Production
The theoretical yield of hydrogen was based on Equation (2) with the assumption that at standard temperature and pressure (STP), a maximum of four moles of hydrogen (H2) could be produced from one mole of glucose when acetic acid was produced as the only reduced metabolite. The chemical oxygen demand (COD) equivalent of four moles of hydrogen is 1.4 LH2/g COD of glucose at STP. In other words, 1.4 L of hydrogen gas could be generated through complete anaerobic degradation of 1 g COD of glucose at STP. The total COD of the individual fruit waste was calculated, and the equivalent theoretical yield was determined. The theoretical yield estimated and the actual yields obtained experimentally were then used to calculate the relative yield using Equation (4). Comparing the actual yields to theoretical yields, maximum relative yields of hydrogen production obtained during the three phases were 37.3% and 32.3% from apple (single fruit fermentation) and Mix 3 (mixed fruit fermentation), respectively. For the whole fermentation period of 47 days, the maximum relative yields of hydrogen production were 29.5% and 30.0% from apple and Mix 3, respectively. On average, this indicates that only 30% of the chemical oxygen demand in the fruit mixture with Mix 3 could be converted into hydrogen (assuming the fruit wastes could be utilized as glucose). This low value might be due to the effects of the toxicity of the fruit flavors and soluble metabolites.
Relative Yield of Volatile Fatty Acids
The theoretical yield of acetic acid production was also based on Equation 2 with the assumption that at standard temperature and pressure (STP), a maximum of two moles of acetic acid (CH3COOH) could be produced from one mole of glucose as the only reduced metabolite. The chemical oxygen demand (COD) equivalent of two moles of acetic acid is 0.666 g-O2/L. In the case of acetic acid, the theoretical yield was based on 1 g COD of the fruit waste. The estimated values of the theoretical acetic acid production and the actual production of acetic acid were then used to calculate the relative yield.
Throughout the whole fermentation period of 47 days, the maximum acetic acid concentration was 1.62 g/L from Mix 3. Although the maximum acetic acid concentration was less than the inhibiting acetic concentration (greater than 2 g/L) [48] , the decrease in hydrogen yield during the last fermentation period could have been due to the organic loading exceeding its threshold limit. At a high loading rate, acetic acid might accumulate and permeate the cell membrane of the hydrogen-producing bacteria with subsequent disruption in the activities of the bacteria.
The relative acetic acid yields corresponding to the maximum hydrogen yields were 136% and 172% for apple and 20% orange share, respectively. It appeared that the fermentative bacteria involved in the fermentation of apple and 20% orange share were able to maintain their cell physiological balance in the presence of extra acetic acids. The reason that some relative yields of acetic acid production were higher than 100% could be due to the fact that the theoretical yield was based on 1 g COD of glucose as feedstock, whereas in the real fruit feedstock, the nutrient composition included carbohydrate, protein and lipids that could have been converted into acetic acids.
Significant Effects of Varying Hydraulic Retention Times, Fruit Mixing and Their Interaction on Hydrogen Yield and Acetic Acid Production
The experiment was conducted to investigate the effects of hydraulic retention time (HRT) and fruit mixing, as well as their interactions on hydrogen yield and acetic acid production. The results of the two-way analysis of variance (ANOVA) are summarized in Tables 3 and 4 . Based on the results obtained, the hypothesis tests on the effects of hydraulic retention time (HRT) and fruit mixing, as well as their interactions (HRT and fruit mixing interaction) on hydrogen yield indicated that the factors did not have significant effects since their p-values, 0.061, 0.259 and 0.763 (Table 3) for HRT, fruit mixing and HRT and fruit mixing interaction, respectively, were all greater than the chosen α-level (0.05). The results were further corroborated with the Turkey pairwise comparisons for the difference in means (Table 4) , which showed that the difference in means of hydrogen yield due to all of the factor levels were not significantly different, since their adjusted p-values were all greater than the chosen α-level (0.05). Regarding the effects of the factors on acetic acid production, the hypothesis tests (Table 3) showed that HRT and fruit mixing really had significant effects on the production of acetic acids, since their p-values of 0.000 and 0.009 for HRT and fruit mixing, respectively, were lower than the chosen α-level (0.05). On the contrary, the effect of the interaction of HRT and fruit mixing on acetic acid production was not statistically significant, since its p-value (0.830) was greater than the chosen α-level (0.05).
The Tukey pairwise comparisons for the difference in means due to HRT (Table 4) showed that the adjusted p-values for the differences between the mean for HRT of three days and the means for HRT of five days (0.024) and 8.6 days (0.000) were all lower than the chosen α-level (0.05), which indicated that these differences were significant. In the comparison of the difference in means for acetic acid production due to fruit mixing, the adjusted p-value (0.009) was lower than the chosen α-level (0.05), indicating that the difference was statistically significant.
For the effect of the interaction of HRT and fruit mixing on acetic acid production, the adjusted p-values for the difference between the mean for mixed fruit operated at HRT of three days and the means for single fruits operated at HRT of five days (0.010) and 8.6 days (0.001) were lower than the chosen α-level (0.05). Similarly, the adjusted p-values for single fruits (0.010) and mixed fruits (0.037), when operated separately at HRT of three and 8.6 days, were lower than the chosen α-level (0.05). Furthermore, the adjusted p-value (0.044) for the difference between the mean for mixed fruit operated at HRT of five days and the mean for single fruit operated at HRT of 8.6 days was lower than the chosen α-level (0.05), which indicated that the difference was statistically significant.
Meanwhile, as a consequence of the insignificant effect of fruit mixing on hydrogen yield, the fruit feedstock was further considered as individual substrates for analysis of variance (Table 5 ). Based on the results obtained, the hypothesis tests showed that both HRT and individual substrates had significant effects on hydrogen yields, since their p-values (0.001) were lower than the chosen α-level (0.05). Similarly, the effects of HRT and individual substrates on acetic acid production were statistically significant, since their p-values, 0.000 and 0.001 for HRT and individual substrate, respectively, were lower than the chosen α-level (0.05). The Tukey pairwise comparisons for the difference in means of hydrogen yield due to HRT (Table 6 ) showed that the adjusted p-values for the differences between the mean for HRT of five days and the means for HRT of three days (0.001) and 8.6 days (0.007) were lower than the chosen α-level (0.05), which indicated that these differences were significant. For the effects of individual substrates on hydrogen yield, the Turkey pairwise comparisons showed that the adjusted p-values for the differences between the mean for apple and the means for grape (0.010), melon (0.010), Mix 1 (0.026) and orange (0.007) were all lower than the chosen α-level (0.05). In the same vein, the adjusted p-values for the difference between the mean for Mix 3 and the means for grape (0.010), melon (0.010), Mix 1 (0.026) and orange (0.007) were lower than the chosen α-level (0.05), which indicated that the mean differences were significant. Meanwhile, the Tukey comparison for the difference in means of acetic acid production due to HRT showed that the adjusted p-values for the differences between the mean for HRT of three days and the means for HRT of five days (0.001) and 8.6 days (0.0022) were lower than the chosen α-level (0.05). Furthermore, the adjusted p-value (0.021) for the difference between the mean for HRT of five days and 8.6 days was lower than the chosen α-level (0.05), which indicated that the difference was significant. In the case of the effects of individual substrates on acetic acid production, the adjusted p-values for the differences between the mean for Mix 3 and the means for grape (0.026), melon (0.000) and orange (0.007) were below the chosen α-level (0.05). Similarly, the adjusted p-values for the difference between the mean for melon and the means for apple (0.036) and Mix 2 (0.034) were below the chosen α-level (0.05), which showed that the mean differences were significant. 
Experimental Section

Experimental Materials (Feedstock, Seed Sludge and Nutrient)
Whole fruit wastes, including apple (Malus sp.), banana (Musa sp.), grape (Vitis sp.), melon (Cucumis sp.) and orange (Citrus sp.), obtained from a local shop (Borås, Sweden), were used as feedstock for the anaerobic digestion process. The fruits as a whole (rind and inner part of the fruits) were ground separately in a kitchen blender (Waring Commercial, Torrington, CT, USA) before they were stored in a cold room (5 °C) to reduce their deterioration prior to the fermentation process. The hydrogen-producing microorganism (HPM) was prepared from sludge obtained from a thermophilic (55 °C) biogas plant (Borås Energi & Miljö AB, Borås, Sweden) that utilized the organic fraction of municipal solid waste as feedstock for biogas production. The HPM was enriched by adjusting the pH to 5.0 ± 0.1 coupled with heat treatment at 105 °C for 1 h. The nutrients used for the growth of HPM were a mixture of macro-and micronutrients, including (g/L): FeCl2. 4H2O, 11.401; KH2PO4, 4.681; NH4Cl, 0.814; NaHCO3, 3.000; MgSO4.7H2O, 0.320; NiSO4.6H2O, 0.032; CaCl2, 0.050; Na2B4O7.10H2O, 0.007; (NH4)6Mo7O24.4H2O, 0.014: ZnCl2, 0.023; CoCl6.H2O, 0.021; CuCl2.2H2O, 0.010.
Experimental Setup and Procedures
The fermentative production of hydrogen was carried out using eight continuous stirred tank bioreactors (CSTR) in order to evaluate the performance, in terms of hydrogen yields and VFA production, of the fermentative hydrogen production process from the whole fruit wastes. Each CSTR reactor (active volume of 3 L and headspace of 1 L) contained fermentation medium at 55 °C and a pH of 5.0 (Figure 4) . Eight different fruit substrates were used, including single fruits (banana, apple, grape, melon, orange) and mixed fruits, which differed in the amount of orange in the mixtures. The weight distribution of the first, second and third fruit mixtures were 70%, 50% and 20% orange share, respectively, while the residual weight was shared equally by banana, apple, grape, melon and orange. A thermostatic water bath (GD 100, Grant instruments Ltd., Cambridgeshire, UK) was employed to provide the heating energy needed to maintain the required temperatures in the CSTRs. Prior to the start of the fermentation process, the fruit slurries were left to attain room temperature (22 °C) before they were fed into the bioreactors. A mixture of HPM, feedstock, distilled water, macro-and micro-nutrients in solution at a volumetric ratio of 8:2:6:4:1, respectively, was added to the CSTRs and left for three days without any daily feedstock feeding in order to adapt or acclimatize the inoculum to the fermentation environment. The fermentation process was started, after the third day, with the feeding of the fruit feedstock mixed with distilled water, buffer solution (1 M NaHCO3), macro-and micro-nutrients at a ratio of 10:60:3:20:7, respectively, into the CSTR. The whole experiment was run for 47 days with an increase in the organic loading rate (OLR). 
Analytical Procedures
The characteristics of the feedstock for the two-stage fermentation process, including total solid (TS), volatile solid (VS) and pH (Table 7) , were determined according to standard methods [49] . The main nutrient compositions of the fruit wastes and their mixtures are presented in Table 8 according to the nutrient database of the U.S. Department of Agriculture [50] . The gas produced was measured using the Automatic Methane Potential Testing System (AMPTS, Bioprocess Control AB, Lund, Sweden), which is based on the principle of water displacement and buoyancy, while the hydrogen composition of the gas produced was sampled with the aid of a 0.25-μL pressure-tight gas syringe (VICI, Baton Rouge, LA, USA) and analyzed using a gas chromatograph (GC, Perkin-Elmer, 710 Bridgeport Avenue, Shelton, CT, USA) equipped with a packed column (Perkin-Elmer, 6' × 1.8" OD, 80/100, Mesh, 710 Bridgeport Avenue, Shelton, CT, USA) and a thermal conductivity detector (TCD, PerkinElmer, 710 Bridgeport Avenue, Shelton, CT, USA) set at 200 °C. The temperatures of the oven and injector were set at 75 °C and 150 °C, respectively, while nitrogen gas at a flow rate, temperature and pressure of 20 mL/min, 60 °C and 1 bar, respectively, was used as the carrier gas. The volatile fatty acids (VFA) in the effluent samples were measured using a high-performance liquid chromatograph (HPLC, Waters 2695, Waters Corporation, Milford, MA, USA) equipped with an RI detector (Waters 2414, Waters Corporation, Milford, MA, USA) and a biohydrogen-ion exchange column (Aminex HPX-87H, Bio-Rad, Hercules, CA, USA) operating at 60 °C and 0.6 mL/min and with 5 mM sulfuric acid as the effluent. 
Conclusions
The present study assessed the effect of hydraulic retention times and fruit mixing on biohydrogen production from fruit wastes in continuous stirred tank bioreactors. The results of the two-way analysis of variance indicated that there was no statistically-significant effect of the interaction of hydraulic retention time and fruit mixing on hydrogen yields and acetic acid production. However, the results established that significant improvement in hydrogen yields could be obtained when apple and Mix 3 were used as individual substrates. The results also indicated that operating the fermentative hydrogen production at a hydraulic retention time of 5 days could greatly increase hydrogen yield, as it reduced the amount of acetic acid accumulated during the fermentation process. It could therefore be inferred that fermentation of apple or Mix 3 at hydraulic retention time of 5 days could be used to reduce the effect of bacterial inhibition due to flavor compounds in the fruits and thereby enhance hydrogen production from the fruit wastes. 
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